Pandemics of vector-borne human and plant pathogens often rely on the behaviors of 16 their arthropod vectors. Arboviruses, including many bunyaviruses, manipulate vector 17 behavior to accelerate their own transmission to vertebrates, birds, insects, and plants. 18 However, the molecular mechanism underlying this manipulation remains elusive. 19 Here, we report that the non-structural protein NSs of orthotospovirus (order 20 Bunyavirales, family Tospoviridae), is a key viral factor that indirectly modifies 21 vector preference and increases vector performance. NSs suppresses the biosynthesis 22 of volatile monoterpenes, which serve as repellents of the vector Western flower 23 thrips (WFT, Frankliniella occidentalis) instead of using its known silencing 24 suppressor activity. NSs directly interacts with and relocalizes the jasmonate (JA) 25 signaling master regulator MYC2 and its two close homologs, MYC3 and MYC4, to 26 disable JA-mediated activation of terpene synthase genes. The dysfunction of the 27 MYCs subsequently attenuates host defenses, increases the attraction of thrips, and 2 28 improves thrips fitness. These findings elucidate the molecular mechanism through 29 which a bunyavirus manipulates vector behaviors and therefore facilitate disease 30 transmission. Our results provide important insights into the molecular mechanisms 31 by which tospoviruses NSs counteracts host immunity for pathogen transmission. 32 Author summary 33 Most bunyaviruses are transmitted by insect vectors, and some of them can modify 34 the behaviors of their arthropod vectors to increase transmission to mammals, birds, 35 and plants. NSs is a non-structural bunyavirus protein with multiple functions that 36 acts as an avirulence determinant and silencing suppressor. In this study, we identified 37 a new function of NSs as a manipulator of vector behavior, independent of its 38 silencing suppressor activity. NSs manipulates jasmonate-mediated immunity against 39 thrips by directly interacting with several homologs of MYC transcription factors, the 40 core regulators of the jasmonate-signaling pathway. This hijacking by NSs enhances 41 thrips preference and performance. Many human-and animal-infecting members of 42
NbTPS5. We produced recombinant NbTPS5 and incubated the purified protein with 151 its possible substrate, geranyl diphosphate (GPP), for 30 min. Gas 152 chromatography-mass spectrometry (GC-MS) of the enzyme products showed that 153 β-pinene and D-limonene are two monoterpene products of NbTPS5 in vitro (Fig 2B) . 154 These results indicate that NbTPS5 is a key virus target gene in the host terpene 155 biosynthesis pathway.
156
NSs manipulates the behavior of TSWV 157 Our data demonstrated that the tospovirus TSWV increases the attraction of insect 158 vector WFT to its host plant by inhibiting terpene synthase in the host. Next, to 159 explore the protein(s) in TSWV that manipulate viral vector host choice, we selected 160 three of the five viral proteins in TSWV, including a structural protein nucleocapsid 161 protein (Ncp) and two non-structural proteins, NSm and NSs [12] . We used constructs 
165
RT-qPCR analysis indicated that NbTPS5 was significantly induced by NSm and Ncp 166 but weakly repressed by NSs compared to the YFP control, suggesting that NSs 167 mediates the repressive effect of TSWV on NbTPS5 expression ( Fig 3A) . We 168 performed a WFT two-choice assay to determine whether the expression of YFP-NSs 169 alone is sufficient to attract WFT compared to YFP alone. As expected, without 170 induction of other viral components (NSm or Ncp), WFT showed no significant 171 preference for NSs-expressing leaves (Fig. 3B ). We then co-expressed NSm with NSs with NSs strongly inhibited the expression of NbTPS5 (Fig 3C) . Consistent with the 8 175 RT-qPCR results, plants co-expressing NSm with NSs were more attractive to WFT 176 than control plants ( Fig 3B) . 177 NSs suppresses host antiviral RNA silencing to promote TSWV infection [11] . To 178 determine if the effect of NSs on manipulating vector behavior is dependent on its 179 silencing suppressor activity, we explored the activity of NSs protein with an 180 S48A/R51A mutation (mNSs) that destroys its silencing suppressor activity via 181 RT-qPCR analysis and a WFT two-choice assay [24] . As shown in Figs 3B and 3C, 182 mNSs retained its ability to inhibit the expression of NbTPS5, and plants harboring 183 mNSs attracted more WFT than control plants (Figs 3B and 3C) . Taken together, 184 these results indicate that NSs is a viral manipulator of vector behavior that controls 185 the attraction of WFT to the host plant in a manner independent of its virus silencing 186 suppressor activity.
187

NSs from TSWV interacts with MYC2 and its homologs MYC3 and MYC4
188
To explore the host protein targets of NSs, we screened an Arabidopsis cDNA library 189 by yeast two-hybrid analysis and identified AtMYC2, a key components of the JA 190 signaling pathway [25] . The JA signaling pathway plays a role in acquired resistance 191 against thrips feeding [22] . Moreover, NbTPS5 and NbTPS38, which were induced by 192 thrips feeding, also showed a strong response to MeJA treatment (S2A Fig.) . Based on 193 the importance of the JA signaling pathway to plant-herbivore interactions, we further 194 confirmed the interaction between AtMYC2 and NSs in a yeast cotransformation Fig.) . These results indicate that NSs directly interacts with and 206 relocalizes AtMYC2 to the nucleolus, therefore disabling its activity. Since the 207 attraction of WFT to NSs is independent of its silencing suppressor activity, we asked 208 whether the interaction between AtMYC2 and NSs is also independent of the 209 silencing suppressor activity of NSs. A BiFC assay of mNSs-cEYFP and Fluorescence was also detected in the cytoplasm in plants coexpressing MYC4 and 222 NSs (Figs 4B, fourth panels). We further examined the interaction with the bHLH 223 transcription factor NbMYC2, a homologous protein of AtMYC2 in N. benthamiana 10 224 by yeast cotransformation and BiFC assay [20, 28] . NbMYC2 could grow on the 225 selection medium and interacted with NSs in an area of the cytoplasm near the 226 nucleus (S3A Fig.) . TSWV represents the American-and Tomato zonate spot virus 227 (TZSV) represents the Euro/Asian-type tospoviruses. We further confirmed this 228 conserved interaction between TZSV NSs and AtMYC2 (S4 Fig.) [29].
229
The similarity of these protein interactions prompted us to identify the NSs domain 230 that interacts with plant MYCs. We constructed three truncated mutant AtMYC2 231 proteins and examined their interactions with TSWV NSs in a BiFC assay. NSs 232 interacted with the middle (MID) domain or bHLH domain of AtMYC2 (S4A Fig.) ; 233 similar results were obtained with mNSs (S4B Fig.) . Taken together, these results 234 demonstrate that NSs targets MYC2 through the bHLH or MID domain, which is not 235 involved with its silencing suppressor activity.
236
MYCs regulates volatile-dependent immunity against WFT in Arabidopsis
237
MYC2 plays an important role in JA-regulated plant defense responses, including 238 plant volatile biosynthesis, and it directly regulates TPS10 transcript levels [20, 30, 31] .
239
Thus, we hypothesized that AtMYC2, which interacts with virulence factor NSs, is 240 involved in the viral-induced, volatile-dependent attraction of WFT to the host plant.
241
To validate this hypothesis, we performed a GUS staining assay using two transgenic 242 Arabidopsis lines expressing an AtMYC2 or AtTPS10 promoter:GUS reporter gene. As 243 shown in Fig 4A, high GUS expression was detected after 24 h of WFT feeding. This 244 expression pattern suggests that AtMYC2 and AtTPS10 both function in defense 245 responses against WFT in Arabidopsis ( Fig 5A) .
246
To analyze the effects of AtMYC2 and AtTPS10 on the feeding preferences of thrips, 247 we performed two-choice assays using myc2-1, tps10-1, and wild-type Col-0 11 248 Arabidopsis. As shown in Fig 5B, the myc2-1 and tps10-1 mutants were more 249 attractive to WFT than wild type. We also tested the effect of myc234 on host 250 preference, finding that WFT preferred to feed on this mutant over wild type ( Fig 5B) .
251
AtTPS10 encodes a monoterpene synthase, which produces β-ocimene and small 252 amounts of cyclic monoterpenes [32] . We therefore carried out a two-choice assay of 253 β-ocimene to examine whether the attraction of tps10 is terpene-dependent. As 254 expected, β-ocimene had a strong repellent effect on WFT ( Fig 5C) . These results 255 indicate that AtMYC2 is essential for terpene-dependent immunity against the thrips 256 vector.
257
TSWV increases the population density of the next generation of WFT [22] . We 258 investigated whether this effect is due to the deactivation of AtMYCs by NSs by 259 performing a modified thrips spawning experiment [21] . Seven female adults were 260 allowed to feed on 35S:YFP-TSWV NSs (NSs-1; NSs-2) or wild-type Arabidopsis for 261 two weeks. We counted the number of new adults and larvae to analyze the effect of 262 NSs on the thrips population. Plants expressing NSs were more suitable for WFT 263 population growth than wild type ( Fig 5D) . We reasoned that NSs targets MYCs to 264 disable the activation of terpene synthase genes, thereby attenuating the defense of the 265 host plant against thrips. To investigate this hypothesis, we conducted another 266 spawning experiment using myc2-1, tps10-1, and myc234 mutants. More WFT were 267 found on the mutants compared with wild type; these lines were equally suitable for attract more WFT vectors than non-infected plants [7, 21] . In this study, we 278 demonstrated the existence of virus-induced manipulation of N. benthamiana, another 279 TSWV host ( Fig 1A) . We demonstrated that TSWV manipulates this process to affect 280 the behavior of the WFT vector. The volatile terpenoids emitted by virus-infected N. 281 benthamiana plants contained fewer repellents to WFT than healthy plants ( Fig 1C) .
282
Arabidopsis displayed similar levels of terpene-dependent attraction to WFT ( Fig 5C) .
283
These consistent results in different species indicate that this feature is common 284 among various TSWV hosts.
285
Instead of increasing the level of attractant, TSWV represses the production of 286 various monoterpene repellents for WFT, e.g., α-pinene and β-pinene in N. 287 benthamiana and β-ocimene in Arabidopsis. The decline in repellent levels has strong 288 benefits for WFT, despite the possible negative physiological consequences of 289 carrying TSWV, and therefore, WFT prefers to attack virus-infected plants. Linalool, 290 another monoterpene whose production was also repressed by TSWV infection in our 291 study (Fig. 1C) , inhibits the growth of WFT [33, 34] . We found that the production of 292 the monoterpene synthase, NbTPS5, was greatly suppressed by TSWV infection. This 293 enzyme synthesizes monoterpene repellents, thereby attracting the WFT vector.
294
Intriguingly, the basal expression level of NbTPS5 was extremely low, and it was 295 highly induced in response to other essential TSWV components, i.e., NSm and Ncp, 296 pointing to an arms race between defense and counter-defense responses in the 13 297 TSWV-host interaction (Fig 1D and Fig 2B) . Moreover, TSWV infection reduced the 298 expression of various TPSs, including NbTPS5. In addition to NbTPS5, NbTPS38 was 299 also downregulated by TSWV infection (Fig 1B) . Interestingly, the likely 300 sesquiterpene synthase gene NbTPS38 was downregulated in response to NSm and 301 Ncp, as well as NSs, supporting the notion that multiple proteins contribute to the 302 complex tripartite TSWV-WFT-plant interaction (S2B Fig.) . The expression of 303 MYC2-TPS10, which functions in the monoterpene defense pathway in Arabidopsis, 304 was also attenuated in response to TSWV to benefit WFT ( Fig 5) [20, 32] . The salicylic acid signaling facilitates interactions between the thrips vector and TSWV 323 [21] . Our results indicate that salicylic acid also mediates NPR1-indepedent immune 324 responses to thrips (S5 Fig.) . We hypothesize that several MYC-regulated indole and 325 aliphatic glucosinolates that function as defensive chemicals against herbivores might 326 be repressed, as is the case for βC1 in begomovirus [43] . Alternatively, the levels of 327 nutrients (such as amino acids) are likely altered in the host, which could affect the 328 feeding behavior and preference of thrips, as previously reported [44] .
329
There is some evidence that plant viruses target JA signaling in several [20, 45] . Importantly, the 335 same strategy is employed by different viruses, suggesting that it is a general feature 336 of tritrophic virus-vector-plant interactions. However, each virus exhibits specific 337 features throughout its lifecycle and therefore, the details of the interactions vary. For 338 instance, βC1 of TYLCCNV alone is sufficient to attract the whitefly vector, but NSs 339 of TSWV is not, as it requires the involvement of another elicitor such as NSm (Fig   340   3B ).
341
A novel function of NSs related to vector attraction
342
TSWV NSs is an avirulence determinant that triggers a hypersensitive response in 343 resistant plants [46] . NSs is also a well-known viral suppressor of host RNA 344 interference in both plants and insects and is essential for TSWV transmission by 345 WFT [5, 11, 13] . Here, we identified NSs as a viral effector that attenuates the host 15 346 defense system by suppressing MYC proteins ( Fig 4B) . The expression of NSs in 347 Arabidopsis is sufficient to promote WFT performance ( Fig 5D) . Interestingly, the 348 vector manipulation behaviors of both 2b of Cucumber mosaic virus and NSs of 349 TSWV are independent of their silencing suppressor activity (Fig 3B and Fig 4B) [45], 350 these two cellular activities of viral proteins may function in parallel in plant cells.
351
NSs, a multifunctional protein, employs other strategies to control vector attraction 352 not related to its silencing suppressor activity, e.g., the relocation of MYC proteins to Bunyavirales. However, the molecular mechanism underlying this manipulation was 363 unclear, and no specific information was available regarding viral determinants of the 364 virus-host-vector interaction in other bunyaviruses. Our study identified NSs of 365 TSWV as the first vector behavior manipulator that suppresses host plant defense 366 responses to attract and benefit the fitness of WFT, which in turn facilitates disease 367 dispersal plant to plant. This provides a potential strategy for bunyaviruses-induced 368 changes to vectors, extending our understanding of this tritrophic interaction at the 369 molecular level. However, many questions remain to be answered before we can fully 
382
The thrips were maintained on Phaseolus vulgaris in a climate chamber as described 383 previously [47] . Tomato spotted wilt orthotospovirus (isolate TSWV-YN) was 384 isolated from Yunnan, China, and amplified by mechanically inoculation onto N. technique. Infected plants were tested at 10-14 dpi by RT-qPCR prior to the thrips 388 two-choice assays.
389
Thrips two-choice assay 390 The two-choice assay was performed as described previously [44] . Petri dishes 16 cm 391 in diameter were prepared by covering with moist filter paper. For N. benthamiana, 392 detached leaves of TSWV-infected plants (TSWV) and non-infected plants (mock) 393 were separately placed in a Petri dish. Fifty F. occidentalis adults were released to the 17 394 center of the Petri dish containing two leaves. The number of thrips that settled on 395 each leaf was counted at 24 h after release. For Arabidopsis, plants were cultivated on 396 solid Murashige and Skoog medium for 3 weeks, and whole plants were used for the 397 two-choice assay. For two-choice assays using monoterpene, 2 cm × 2 cm filter paper 398 containing 40 µL of a 1:100 (v/v) solution of standard chemical substance from Sigma 399 in n-hexane or n-hexane alone (as a control) were placed in a Petri dish. Thrips were 400 released between the two tested samples, and the thrips were counted 5 min after 401 release. The Petri dishes were contained in a thrips culture chamber throughout the 402 experiment to maintain consistent growth conditions.
403
Thrips infestation assay 404 Plants were infested with non-viruliferous thrips as described previously [22] . Twenty 405 adults (7-14 d after eclosure) were grouped and starved for 3 h before the plant Terpene synthase enzyme activity 419 The complete open reading frame of NbTPS5 was cloned into the pGST-DC vector.
420
The protein was expressed in E. coli strain BL21, and purified GST protein was used 421 as a negative control. Protein purification was conducted as previously described [23] . Thrips spawning assay 466 The thrips spawning assay was performed as described previously with some 467 modifications [21] . Arabidopsis plants were grown in soil covered with Parafilm 468 (Bemis, USA) to prevent any thrips from escaping and to facilitate counting.
469
Three-week-old plants were placed in an acryl cylinder chamber (7 cm × 5 cm) and 470 covered with a fine mesh. Seven female adults (7-14 d after eclosure) were allowed to 471 infest a single plant for two weeks, and new larvae and adult thrips were counted. 
